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The primary cellular receptor for mouse hepatitis virus (MHV), a murine coronavirus, is MHVR (also
referred to as Bgp1l® or C-CAM), a transmembrane glycoprotein with four immunoglobulin-like domains in the
murine biliary glycoprotein (Bgp) subfamily of the carcinoembryonic antigen (CEA) family. Other murine
glycoproteins in the Bgp subfamily, including Bgp1® and Bgp2, also can serve as MHV receptors when
transfected into MHV-resistant cells. Previous studies have shown that the 108-amino-acid N-terminal domain
of MHVR is essential for virus receptor activity and is the binding site for monoclonal antibody (MAb) CC1,
an antireceptor MADb that blocks MHYV infection in vivo and in vitro. To further elucidate the regions of MHVR
required for virus receptor activity and MAb CC1 binding, we constructed chimeras between MHVR and other
members of the CEA family and tested them for MHV strain A59 (MHV-AS59) receptor activity and MAb CC1
binding activity. In addition, we used site-directed mutagenesis to introduce selected amino acid changes into
the N-terminal domains of MHVR and these chimeras and tested the abilities of these mutant glycoproteins
to bind MAb CC1 and to function as MHV receptors. Several recombinant glycoproteins exhibited virus
receptor activity but did not bind MAb CC1, indicating that the virus and MAb binding sites on the N-terminal
domain of MHVR are not identical. Analysis of the recombinant glycoproteins showed that a short region of
MHYVR, between amino acids 34 and 52, is critical for MHV-AS59 receptor activity. Additional regions of the
N-terminal variable domain and the constant domains, however, greatly affected receptor activity. Thus, the
molecular context in which the amino acids critical for MHV-A59 receptor activity are found profoundly
influences the virus receptor activity of the glycoprotein.

Initial events in virus infection of a cell include attachment
of the virus to the cell, entry, and disassembly of the virion. For
most viruses, attachment is mediated through a specific inter-
action between the virus attachment protein and a cell surface
receptor. Previous studies identified the murine biliary glyco-
protein MHVR (also referred to as Bgp1® or C-CAM) as the
primary cellular receptor for murine coronavirus mouse hep-
atitis virus strain A59 (MHV-A59) (20, 53). This glycoprotein,
isolated from liver and intestinal brush border membranes of
MHYV-sensitive BALB/c mice, binds to MHV-AS59 virions in a
solid-phase viral overlay protein blot assay (9) and is recog-
nized by an antireceptor monoclonal antibody (MAb CC1)
that protects cells expressing MHVR from infection by MHV-
A59 in vivo and in vitro (20, 52, 53). A cDNA encoding an allelic
variant of MHVR, Bgp1® (also referred to as mmCGM2) (38),
was isolated from cells of MHV-resistant SJL/J mice (18, 53),
and a second murine biliary glycoprotein, Bgp2, which is ex-
pressed in the colons of both BALB/c and SJL/J mice, also has
been characterized (38). MHVR and Bgp1® consist of an N-
terminal immunoglobulin (Ig)-like variable domain, three Ig-
like constant domains, a transmembrane domain, and a cyto-
plasmic tail. The Bgp2 glycoprotein exhibits a similar structure
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except that it contains only one constant domain. The Bgp1®
and Bgp2 glycoproteins can serve as functional receptors for
MHV-A59 when overexpressed in MHV-AS59-resistant ham-
ster cells in transient transfection assays, but these glycopro-
teins do not bind virus in solid-phase binding assays and are
not recognized by MAb CC1 (18, 38). Natural splice variants of
MHVR and Bgp1® yield glycoproteins containing the N-termi-
nal and fourth Ig-like domains, the transmembrane domain,
and the cytoplasmic tail (18, 21, 53).

A secreted three Ig domain murine glycoprotein called
bCEA, a pregnancy-specific glycoprotein in the murine carci-
noembryonic antigen (CEA) family, is expressed in C57BL/6
mouse brain and placenta and exhibits a low level of MHV-
AS59 receptor activity when expressed in COS-7 cells (11). To
date, the only murine CEA-related glycoprotein shown to have
no MHYV receptor activity in transient transfection assays in
MHV-AS59-resistant hamster cells is CealO (formerly referred
to as mmCGM3), a secreted glycoprotein consisting of two
variable Ig-like domains that does not bind MHV-A59 or MAb
CCl1 (26, 32).

Deletion mutagenesis studies showed that MHV-A59 and
MADb CCI1 bind to the N-terminal Ig-like variable domain of
MHVR (21). A recombinant chimeric glycoprotein containing
the N-terminal domain of MHVR and the second, third, trans-
membrane, and cytoplasmic domains of the mouse poliovirus
receptor (Pvr) homolog serves as a functional receptor for
MHV-AS59 when expressed in hamster cells (17). Furthermore,
a soluble recombinant glycoprotein consisting of only the N-
terminal domain of MHVR can inhibit MHV-AS59 infectivity in
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a concentration-dependent manner (19). MAb CC1 recognizes
both the MHVR/mph chimera and the soluble N-terminal
domain of MHVR in immunoblot assays. A chimeric glycopro-
tein consisting of the N-terminal domain of Ceal0, the three
constant domains, transmembrane region, and cytoplasmic tail
of MHVR, however, does not bind MHV-A59 or MAb CC1
(32).

Sequence analysis of the various receptor-like glycoproteins
in the murine CEA family shows that the 108-amino-acid N-
terminal domains of MHVR, Bgp1®, and Ceal0 are signifi-
cantly different, with 29 amino acid differences between
MHVR and Bgpl® and 43 amino acid differences between
MHVR and Ceal0 (18, 26, 32). These glycoproteins also differ
significantly in their receptor activities. A detailed analysis of
the virus and MADb binding sites in the N-terminal domain of
MHVR was done to elucidate the molecular basis for these
observed differences in the receptor activities of the murine
CEA-related glycoproteins. We have constructed a series of
recombinant chimeric glycoproteins and tested their abilities to
serve as functional receptors for MHV-AS9 in transient trans-
fection assays. The abilities of MAb CCl to protect transfected
cells from infection by MHV-AS59 and to bind the recombinant
glycoproteins in an immunoblot assay also were examined.
Results of these assays indicate that amino acids 34 to 52 of the
glycoprotein are critical for receptor activity and that binding
of the MAD is very sensitive to any changes in the tertiary
structure of MHVR. Site-directed mutagenesis studies con-
firmed the importance of these residues. Thus, this small re-
gion of the N-terminal domain of MHVR is a critical deter-
minant of MHV receptor activity. These residues alone,
however, are not sufficient for optimal receptor activity. Addi-
tional amino acids within the N-terminal domain of MHVR
and the three Ig-like constant domains of MHVR also pro-
foundly affect receptor activity. The data suggest that these
domains either influence the conformation of the virus-binding
site or affect events subsequent to virus binding that are re-
quired for infection.

MATERIALS AND METHODS

Viruses, cells, and antibodies. MHV-A59 was propagated in 17CI1 cells main-
tained in Dulbecco’s modified Eagle’s minimal essential medium supplemented
with 10% fetal bovine serum and antibiotics and titered in L2 cells as previously
described (22). Recombinant vaccinia virus strain VIF7-3 was provided by B
Moss (National Institutes of Health, Bethesda, Md.). The BHK-21 line of baby
hamster kidney fibroblasts (American Type Culture Collection) was maintained
in Dulbecco’s modified Eagle’s medium supplemented with 10% fetal bovine
serum, 10% tryptose phosphate broth, and antibiotics. MAb CC1 binds to the
N-terminal domain of MHVR and protects cells expressing MHVR from MHV
infection (18, 21, 52, 53). The polyclonal rabbit anti-MHVR antibody 655, which
recognizes both MHVR and Bgp1® (20, 52, 53), was preabsorbed against para-
formaldehyde-fixed or acetone-fixed BHK-21 cells prior to use for surface im-
munofluorescence or immunoblotting assays respectively as described below.

Construction of N-terminal domain chimeras. All recombinant chimeric gly-
coproteins were generated from the full-length MHVR or Bgp1® cDNAs cloned
into the HindIII-NotI site of pBlueScript SK+ (Stratagene, La Jolla, Calif.) (18,
20) or a construct which contained the cDNA encoding the N-terminal domain
of Ceal0 linked to the second, third, fourth, transmembrane, and cytoplasmic
domains of MHVR. The amino acid sequences of the N-terminal domains of
MHVR, Bgp1®, and Ceal0 are shown in Fig. 1. Briefly, recombinant cDNAs
were constructed by digesting the plasmids with the appropriate restriction en-
donucleases and separating the resulting DNA fragments by electrophoresis on
agarose gels. DNA fragments of interest were eluted from the agarose either by
passage through GenElute agarose spin columns (Supelco, Bellefonte, Pa.) or by
elution with the Elu-Quick system (Schleicher & Schuell, Keene, N.H.) accord-
ing to the manufacturers’ recommendations. Aliquots of the isolated DNA were
run on agarose gels to estimate the amount of DNA recovered, and the frag-
ments were then ligated into the pcDNA3 expression vector (InVitrogen, Carls-
bad, Calif.), using Ready-to-Go T4 DNA ligase (Pharmacia Biotech, Piscataway,
N.J.). The ligated material was transformed into Escherichia coli DHS5« cells by
using standard procedures, and recombinant plasmids were confirmed by restric-
tion enzyme digestion and sequence analysis.

Chimeras were constructed by using the BamHI restriction site common to the
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FIG. 1. Comparison of the amino acid sequences of the N-terminal domains
of the murine biliary glycoproteins MHVR (also referred to as Bgpl® or C-
CAM), Bgp1®, and Ceal0. For Bgp1® and Ceal0, only amino acids that differ
from MHVR are shown.

cDNAs of MHVR, Bgp1®, and Ceal0 which cleaves the cDNAs at nucleotides
corresponding to amino acid 70. To further divide the N-terminal domains of
MHVR and Ceal0, Kpnl and Clal restriction sites were engineered into the
c¢DNAs of MHVR and Ceal0. These restriction enzyme sites allowed for the
construction of recombinants at amino acids 34 (KpnlI) and 52 (Clal). Introduc-
tion of the Clal site resulted in the amino acid changes Ss,Ns3Ms,Fss to IDRK
in MHVR and N§;R5,Kss to DMF in Ceal0. Introduction of the Kpnl site
resulted in the amino acid change K;5 to Q in MHVR and Ceal0. These amino
acid changes had no effect on the virus receptor activities of the parental con-
structs as determined by immunofluorescence assays.

PCR-directed mutagenesis was used to introduce the Kpnl and Clal restriction
sites into the MHVR and Ceal0 cDNAs and to alter individual amino acids
within the various chimeric cDNAs (48). Oligonucleotide primers for the PCR
mutagenesis containing the nucleotide changes at their 5’ ends were synthesized
with an Applied Biosystems DNA synthesizer (Applied Biosystems Inc., Foster
City, Calif.). All mutations were confirmed by sequence analysis using a Taq
DyeDeoxy Terminator Cycle Sequencing kit (ABI).

Detection of CEA-related glycoproteins in transfected BHK-21 cells by immu-
noblot analysis and flow cytometry. To determine whether the recombinant
chimeric cDNAs were producing glycoproteins with the appropriate molecular
weights and immunoreactivities, protein extracts of transfected cells were ana-
lyzed. BHK-21 cells were infected with vaccinia virus encoding the T7 RNA
polymerase (vVITF7-3) at a multiplicity of infection of 10 (23). At 3 h postinfection,
the cells were transfected with the cDNAs encoding MHVR, the chimeric re-
combinant or mutated glycoproteins, or empty plasmid in serum-free medium.
At 24 h posttransfection, the cells were lysed with 0.3 ml of radioimmunopre-
cipitation assay buffer (0.1 M NaCl, 0.001 M EDTA [pH 7.4], 0.1% Nonidet P-40,
0.1% deoxycholate, 1% phenylmethylsulfonyl fluoride, 1% aprotinin). Thirty to
forty microliters of the extract was mixed with sample treatment mix (53), boiled
for 3 to 5 min, and separated by electrophoresis on sodium dodecyl sulfate—-8 or
10% polyacrylamide gels. The proteins were transferred to nitrocellulose, which
was blocked with 5% bovine serum albumin in B3 buffer (0.15 M NaCl, 0.001 M
EDTA, 0.05 M Tris base, 0.05 M Tris-HCl, 0.05% Tween 20, 0.1% bovine serum
albumin) and then probed with a 1:200 dilution of the polyclonal anti-MHVR
antibody 655 or a 1:50 dilution of MAb CC1 followed by rabbit anti-mouse MADb.
Proteins were detected with '?*I-labeled staphylococcal protein A (New England
Nuclear, New Bedford, Mass.) as previously described (38).

Flow cytometry was also used to confirm the expression of recombinant gly-
coproteins on the surface of transfected cells and to determine whether the
glycoproteins could be recognized by MAb CC1. BHK-21 cells were transfected
with recombinant cDNAs cloned into pcDNA3 or empty plasmid as described
above. At 48 h posttransfection, the cells were trypsinized, and the abilities of
receptor glycoproteins on the plasma membrane to bind MAb CC1 were deter-
mined by incubation of the cells with the MAb or an IgG; MAD to an irrelevant
antigen followed by R-phycoerythrin-conjugated affinity-purified anti-mouse
IgG. Bound antibodies were detected in a fluorescence-activated cell sorter
(FACS). Controls included cells without primary or secondary antibodies and
cells incubated only with R-phycoerythrin.

Assays for virus receptor activity and MAb CC1 receptor blockade. To deter-
mine if the recombinant chimeric and mutant glycoproteins could serve as func-
tional receptors for MHV-A59, the glycoproteins were transiently expressed in
BHK-21 cells as previously described (17, 18, 20, 21). Briefly, cells grown on glass
coverslips were transfected with plasmids containing the cDNAs subcloned into
pcDNA3 (InVitrogen) or the empty plasmid, using Lipofect AMINE (Life Tech-
nologies, Gaithersburg, Md.) according to the manufacturer’s recommendations.
Thirty-five hours posttransfection, the cells were incubated for 1 h with MHV-
AS59 at a multiplicity of infection of 1. At 16 h after virus inoculation, the cells
were fixed with cold acetone. Viral antigens in the cytoplasm were detected with
a 1:50 dilution of polyclonal convalescent mouse anti-MHYV serum followed by a
1:50 dilution of rhodamine-labeled goat anti-mouse IgG and visualized in a Zeiss
microscope. For recombinant molecules that showed virus receptor activity in
this assay, the ability of MAb CC1 to block MHV-AS59 infection was examined.
Transfected cells were treated for 1 h with a 1:5 dilution of MAb CC1 hybridoma
supernatant or a control antibody of the same isotype directed against an unre-
lated antigen and then inoculated with virus in the presence of MAb CCI1. Virus
receptor activity was then assayed as indicated above. To confirm expression of
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FIG. 2. Functions associated with the N-terminal domain recombinant chi-
meric anchored glycoproteins. All chimeras also contained the second, third,
fourth, transmembrane, and cytoplasmic domains of MHVR (not shown). Un-
shaded regions represent MHVR sequences, black regions represent Ceal(
sequences, and gray regions represent Bgp1® sequences. Selected amino acid
positions are indicated above. Receptor activity and MAb CC1 receptor block-
ade activity were determined by immunofluorescence as described in Materials
and Methods. MAb CCI1 binding was determined by immunoblot assay of cell
lysates following infection with vaccinia virus vI'F7-3 and transfection of recom-
binant plasmid. ND, not done.

the recombinant glycoproteins at the plasma membrane, transiently transfected
BHK-21 cells were fixed with 2% paraformaldehyde 48 to 72 h posttransfection,
incubated with BHK-21 cell preadsorbed polyclonal antireceptor antibody 655 or
normal rabbit serum followed by rhodamine-labeled goat anti-rabbit serum, and
visualized in a Zeiss microscope (20).
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RESULTS

Identification of residues in the N-terminal domain of
MHVR important for MHV-A59 receptor activity. We previ-
ously demonstrated that the N-terminal Ig-like domain of
MHVR binds MHV-AS59 and is essential for virus infection
(17, 19). When expressed at high levels in a transient transfec-
tion assay, Bgp1® also can serve as a functional receptor for
MHV-AS59, but this glycoprotein is not recognized by MHV-
A59 in a solid-phase binding assay (9) and is not recognized by
anti-MHVR MAb CC1 (18, 52). The N-terminal domain of
CealO fused to the second, third, fourth, transmembrane, and
cytoplasmic domains of MHVR cannot serve as a functional
receptor for the virus when expressed in MHV-resistant BHK
cells (32). To identify the regions of the MHVR N-terminal
domain that are necessary for virus receptor activity, the abil-
ities of MHVR/Bgp1® and MHVR/Ceal0 N-terminal domain
chimeras to serve as functional receptors for MHV-A59 were
examined. Each of the N-terminal chimeras, shown schemati-
cally in Fig. 2, was followed by the second, third, fourth, trans-
membrane, and cytoplasmic domains of MHVR. cDNAs en-
coding the parental or chimeric glycoproteins in the expression
vector pcDNA3 were transfected into MHV-resistant BHK-21
cells. Immunolabeling of transfected cells with anti-MHVR
antibody 655 confirmed that each of the chimeric glycoproteins
was expressed on the plasma membrane. Transfected cells
were inoculated with MHV-A59 as described above. Con-
structs were scored as follows: +, positive (several cells ex-
pressing viral antigens were detected in every 60X field); +/—,
weakly positive (5 to 50 cells expressing viral antigens were
detected on the entire coverslip); or —, negative (fewer than 5
labeled cells were detected on the coverslip). Representative
immunofluorescence data are shown in Fig. 3.

FIG. 3. Detection of MHV antigens or chimeric glycoproteins in hamster cells transfected with plasmid containing the cDNA of MHVR, Ceal0, or representative
MHVR/Ceal0 chimeras. BHK-21 cells grown on glass coverslips were transfected with recombinant MHVR cDNA in which the N-terminal domain consisted of Ceal0
(A and D), MHVR (B and E), or MHVR_s,/Ceal0Os;_;05 (C and F). Following transfection, cells in panels A, B, C, E, and F were inoculated with MHV-A59, incubated
for 16 h, and fixed in cold acetone. Cells in panel E and F were pretreated with MAb CC1. Viral antigens in the cytoplasm were detected with anti-MHYV serum and
rhodamine-labeled goat anti-mouse IgG. Cells in panel D were transfected, and surface expression of the transfected molecule was confirmed by immunofluorescence

with the anti-MHVR polyclonal antibody 655.
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TABLE 1. Effects of point mutations in MHVR on MHV-A59
receptor activity, MAb CCl1 receptor blockade activity, and MAb
CCl1 binding activity”

MHV-A59 MAD CC1
receptor activity receptor blockade

MAb CC1

Mutation(s) binding

LosAr7LogAsoAs/QTRVY
D4, K3/HN

Ees/V

Lgslsr/ AA

Is6L7o/TF
Mj;175E03V 10/ AAGE
Vis/A

M,,/L

Ty, Eos/FQ
RysRo7/VP

Tog/1

Re/S, Ass s, Agsm1

55-58> A()5—71

l+++++++++++
L+ ++++++++ 1
I Z++++++++ |

Y
i
|
|

“ All mutations were made in parental construct containing MHVR. Receptor
activity and MAb CCl1 protection activity were determined as described in
Materials and Methods. MAb CC1 binding was determined in immunoblot
assays. ND, not done.

Analysis of the receptor activities of the MHVR/Ceal0 chi-
meric glycoproteins showed that every construct that served as
a receptor for MHV-AS59 contained amino acids 34 to 52 of
MHVR (Fig. 2). For instance, one construct contained amino
acids 1 to 52 of MHVR (MHVR_5,/Ceal0Os;_145), While a
second construct contained amino acids 34 to 108 of MHVR
(Ceal0,_33/MHVR,,_,(5). Both of these chimeras displayed
receptor activity. In contrast, the construct containing amino
acids 1 to 52 of CealO showed no receptor activity. Surpris-
ingly, a chimeric glycoprotein in which the N-terminal domain
contained only amino acids 34 to 70 of MHVR (Ceal0O;_3; 7;_
108/MHVR;, ) did not exhibit any MHV-A59 receptor activ-
ity. This finding demonstrates that while amino acids 34 to 52
of MHVR are essential determinants of MHV-AS59 receptor
activity, additional MHVR sequences, either from amino acids
1 to 33 or from amino acids 71 to 108, also affect MHV-A59
receptor activity.

To further determine which amino acids were important for
MHV-AS59 receptor activity, a series of point mutations was
generated by site-directed mutagenesis. As shown in Table 1,
amino acids in the N-terminal domain of MHVR were
changed to alanine residues (I¢cl4/AA) or amino acids similar
to those of Ceal0 (L,4A,;L,5A5,A5,/QTRVY, D,,K,3/HN,
I¢cL-4/TF), a rat biliary glycoprotein (E4s/V, Vgs/A, ToEos/
FQ, Tyg/I), or a human biliary glycoprotein (RygRqo;/VP) in an
effort to abrogate receptor activity. None of these introduced
mutations had any effect on receptor activity. A construct
which contained an Rg,-to-S mutation and deletion of amino
acids 55 to 58 and 65 to 71, however, exhibited no receptor
activity. When the S,, mutation was reverted to R in this
construct, weak but detectable receptor activity was restored.
Modeling studies suggest that R, is involved in formation of
an intramolecular salt bridge (see Fig. 7) that probably is
required for correct folding of the glycoprotein.

In a second set of recombinants, mutations were introduced
to change individual amino acids in CealO to the correspond-
ing MHVR amino acids in an effort to generate a functional
receptor molecule (Table 2). Because the chimeric glycopro-
tein studies described above indicated that amino acids 34 to
52 of MHVR were critical determinants of MHV-AS59 receptor
activity, we concentrated on these residues. The construct con-
taining amino acids 1 to 70 of Ceal0O and 71 to 108 of MHVR,
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TABLE 2. Effects of point mutations in the N-terminal domain on
MHV-AS59 receptor activity and MAb CC1 binding activity”

MHV-A59  MAb CC1
receptor activity  binding

Ceal0O, o/ MHVR;,_,,s None - -
T50S5115,/PNS - -
Nu3Gye/KA - -
S38G39G4/TTI +/= -
S35G3o/TT - -

wll - -
None - -
S38G39G4/TTI - -

N-terminal domain Mutation

CealO,_;os

“ Mutations were designed to change Ceal( amino acids to their correspond-
ing MHVR residues. MHV-A59 receptor activity and MAb CCl1 binding activity
were determined as described in Materials and Methods.

which exhibited no receptor activity, was used as the parental
construct for these mutagenesis studies (Fig. 2). When the
amino acids S;3G39G,4; were mutated to TTI in Ceal0,_,,/
MHVR,,_,,s, Weak receptor activity was observed (Table 2).
When the amino acid changes S;3G5, to TT or G4, to I were
introduced into the Ceal0,_,,/MHVR,,_,,s chimera, however,
no receptor activity was detected (Table 2). In addition, when
the mutations S;3G34G,, to TTI were introduced into a con-
struct containing the entire N-terminal domain of Ceal0, no
receptor activity was observed (Table 2). These data show that
amino acids 38 to 41 of MHVR are important determinants of
MHV-AS59 receptor activity when in the presence of amino
acids 71 to 108 of MHVR but not amino acids 71 to 108 of
CealO.

Introduction of a Kpnl restriction enzyme site into the
MHVR and Ceal0O cDNAs resulted in a K;5-to-Q amino acid
change in both proteins. This change did not alter the receptor
activity of MHVR, CealO0, or any of the chimeric recombinant
glycoproteins (data not shown). Introduction of the Clal re-
striction enzyme site into the cDNAs of MHVR and CealO
resulted in S5,Ns;Mg,Fsg to IDRK changes in MHVR and
Ns;R5,Kss to DMF changes in Ceal(. These amino acid
changes also did not alter the receptor activities of either
parental construct (Fig. 4). When these amino acid substitu-
tions were introduced into certain chimeric glycoproteins, how-
ever, their receptor activities were affected. The chimeric gly-
coprotein containing amino acids 1 to 33 of CealO and 34 to
108 of MHVR exhibited weak MHV-AS59 receptor activity
(Fig. 2). When the amino acids S5,Ns;M;,Fs, were mutated to
IDRK in this chimera, however, MHV-AS59 receptor activity
was abrogated (Fig. 4). Conversely, although the chimeric gly-
coprotein containing Ceal0 amino acids 34 to 70 in an MHVR
background showed no receptor activity (Fig. 2), changing
N5;3R5,Ks, to DMF in this construct restored weak MHV-AS59
receptor activity and MAb CC1 binding activity (Fig. 4). These
results strongly support the conclusions that amino acids 34 to
70 are critical determinants of MHV-AS59 receptor activity and
MADb CC1 binding and that additional sequences within the
N-terminal domain outside this region also affect receptor ac-
tivity.

Role of MHVR constant domains in receptor activity. Pre-
vious studies showed that a naturally occurring anchored two-
domain splice variant of MHVR containing domains 1 and 4
(MHVR([1,4]) and a recombinant anchored two-domain vari-
ant of MHVR containing domains 1 and 2 (MHVR([1,2]) both
can serve as functional receptors for MHV-A59 (18, 21). Be-
cause our analysis of the recombinant chimeric glycoproteins
indicated that multiple regions within the N-terminal domain
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FIG. 4. Functions associated with the N-terminal recombinant chimeric an-
chored glycoproteins with and without Clal restriction enzyme sites. All chimeras
also contained the second, third, fourth, transmembrane, and cytoplasmic do-
mains of MHVR (not shown). Unshaded regions represent MHVR sequences,
and black regions represent Ceal( sequences. Mutated amino acids are indi-
cated. Receptor activity and MAb CC1 receptor blockade activity were deter-
mined by immunofluorescence as described in Materials and Methods. MAb
CC1 binding was determined by immunoblot assay of cell lysates following
infection with vaccinia virus vIF7-3 and transfection of recombinant plasmid.
ND, not done.

of MHVR can influence receptor activity, we also examined
the effects of MHVR constant regions on receptor activity. As
demonstrated previously (18, 21), MHVR[1,4] functioned as a
viral receptor. MHVR[1,2], on the other hand, exhibited only
weak MHV-AS59 receptor activity in this assay (Fig. 5). In light
of this result, we constructed several MHVR/nglb N-terminal
chimeras in which the recombinant N-terminal domains re-
placed the N-terminal domains of MHVR[1,4] or MHVR[1,2].
These chimeric glycoproteins were tested for MHV-AS59 re-
ceptor activity and MAb CC1 binding and receptor blockade
activities (Fig. 5). N-terminal domain chimeras that functioned
as virus receptors when linked to the full-length MHVR also

MHV-A59 MAb- CC1
Receptor MAb-CC1 Receptor
Activity Binding Blockade

MHVR [__1 [ 2 [ 35 T & 1] + +
+ +
I +/- + +
T =2 7] - - ND
AT —= 1] - - ND
AT =2 7] +/- + ND
IR I + - -
AT T 2 T7 3 T & 1] + - -

FIG. 5. Functions associated with recombinant chimeric anchored glycopro-
teins containing various constant domains. All chimeras also contained the trans-
membrane and cytoplasmic domains of MHVR (not shown). Domains are num-
bered (1 = N-terminal domain). The arrow indicates approximate location of
amino acid 70 in the N-terminal domain. Unshaded regions represent MHVR
sequences, and gray regions represent Bgp1® sequences. Receptor activity and
MAD CCI1 receptor blockade activity were determined by immunofluorescence
as described in Materials and Methods. MAb CC1 binding was determined by
immunoblot assay of cell lysates following infection with vaccinia virus vIF7-3
and transfection of recombinant plasmid. ND, not done.
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FIG. 6. Recognition of MHVR, Bgp1®, Ceal0, or representative chimeric
glycoproteins by anti-MHVR antibodies. Cell lysates from BHK-21 cells infected
with vaccinia virus vTF7-3 and transfected with cDNA encoding MHVR, Bgp1®,
Ceal0, or recombinant glycoproteins were separated by electrophoresis on so-
dium dodecyl sulfate-8 or 10% polyacrylamide gels, transferred to nitrocellulose,
and incubated with either anti-MHVR MAb CC1 (A) or rabbit polyclonal anti-
MHVR antibody 655 (B). Bound antibodies were detected by incubation of
immunoblots with '*I-staphylococcal protein A. Sizes are indicated in kilodal-
tons. R, amino acids from MHVR; C, amino acids from Ceal0; 1°, amino acids
from Bgp1®.

functioned as receptors when linked to MHVR[1,4]. In the
context of MHVR[1,2], however, the N-terminal chimera
Bgp1®,_;o/MHVR,,_,0s did not serve as a functional receptor
and the chimera MHVR, _,,/Bgpl®,, ,os functioned only
weakly as a receptor for MHV-AS9 (Fig. 5). These data show
that the constant regions of MHVR also can influence receptor
activity and suggest that optimal virus receptor activity requires
the presence of domain 4.

Analysis of antireceptor MAb CC1 binding domains. The
anti-MHVR MAb CCI1 has been shown to protect cells ex-
pressing MHVR from infection by MHV-A59 (50, 51). To
identify amino acids in the N-terminal domain of MHVR
required for MAb CC1 binding activity, the ability of MAb
CC1 to block infection by MHV-A59 of cells expressing re-
ceptor-positive recombinant chimeric glycoproteins was exam-
ined. In this receptor blockade assay, MAb CCl1 did not block
infection of cells expressing the chimeric glycoproteins
MHVR, _,,/Ceal0,,_;05, MHVR, _5,/CealOs; ;4g, or CealO; 55/
MHVR;, s (Fig. 2). FACS analysis of cells expressing these
chimeric glycoproteins confirmed that MAb CC1 did not recog-
nize the chimeric glycoproteins on the surface of these cells (data
not shown), but all chimeric glycoproteins were expressed on the
cell surface, as evidenced by surface labeling with the polyclonal
antibody 655. While MAb CC1 did not block infection of cells
expressing the chimeric glycoprotein MHVR,_,,/Ceal0,,_ s, it
did block infection of cells expressing MHVR, o/Bgp1®,, ;o5
Cells expressing Bgpl®,_,/MHVR,, ., however, were not
blocked by MAb-CC1 (Fig. 2). These data suggest that amino
acids 1 to 70 of MHVR are critical for MAb CC1 binding activity.
The context of these residues, however, also affects the antibody
binding.

To determine if MAb CC1 could bind to the mutated re-
combinant glycoproteins in an immunoblot assay, cell lysates
from vaccinia virus-infected, transfected cells were electropho-
resed on polyacrylamide gels and transferred to nitrocellulose,
and proteins were detected in a standard immunoblot assay.
Representative results are shown in Fig. 6. None of the
MHVR/Ceal0 chimeric glycoproteins was recognized by MAb
CCl1. The antireceptor polyclonal antibody 655, on the other
hand, detected all chimeric proteins in this assay (Fig. 6).
Among MHVR/Bgp1® chimeras, MAb CC1 recognized the
chimeric glycoprotein containing amino acids 1 to 70 of
MHVR (MHVR,_,,/Bgp1®,,_,0s) but not the chimera contain-



1946 WESSNER ET AL.

ing the amino acids 1 to 70 of Bgp1® (Bgp1®, ,o/MHVR,,_,0s)-
These results confirm the importance of amino acids 1 to 70 of
MHVR in MAb CC1 binding.

To further analyze the binding characteristics of MAb CCl1,
the ability of this antibody to bind to the various point mutants
in an immunoblot assay was determined. None of the recom-
binant glycoproteins in which Ceal(0 amino acids were changed
to corresponding MHVR amino acids gained MAb CCI1 bind-
ing activity (Table 2). We also examined the ability of MAb
CC1 to bind to glycoproteins in which MHVR residues were
changed to alanines or corresponding residues of Ceal0, a rat
biliary glycoprotein, or a human biliary glycoprotein. As shown
in Table 1, most constructs in which one or a few MHVR
amino acids were altered maintained MAb CC1 binding. In
two constructs (D,,K,; to HN and L,cA,,L,gA50A5, to
QTRVY), however, MAb CC1 binding was eliminated,
thereby demonstrating the importance of amino acids 26 to 32,
42, and 43 in MAb CCl1 binding.

DISCUSSION

Previous studies of MHV pathogenesis have shown that in-
fection can lead to a variety of diseases (4, 49) and that the
outcome is dependent both on the strain of virus and the
genetic makeup of the host organism (1, 3, 5, 6, 15, 16, 25, 28,
29, 31, 43, 45, 50). Several reports have shown that, at least in
cell culture assays where recombinant glycoproteins are ex-
pressed at high levels, multiple murine and human biliary gly-
coprotein-like molecules can serve as functional receptors for
MHV-A59 (10, 11, 18, 38, 54, 55), and recent studies indicate
that differences in binding affinity between the receptor and
virus may determine the receptor effectiveness (39, 51). It is
therefore possible that the various syndromes associated with
MHY infection may, at least to some degree, be determined by
molecular aspects of the receptor molecule.

To identify the amino acid residues of the MHVR glycopro-
tein necessary for receptor activity, we constructed a series of
chimeric and mutated recombinant glycoproteins and analyzed
the receptor activities and MAD binding properties of these
molecules. All recombinant constructs were derived from
MHVR, the principal MHV-A59 receptor molecule, which is
also referred to as Bgp1* or C-CAM (20, 38, 52, 53), Bgp1®, an
allelic variant derived from MHV-resistant SJL/J mice that
exhibits receptor activity in cell culture assays (18), and Ceal0,
a closely related murine glycoprotein that exhibits no receptor
activity (32). Analysis of the chimeric recombinant glycopro-
teins shows that all chimeric molecules possessing receptor
activity contain amino acids 34 to 52 of MHVR, indicating the
critical importance of these residues. Similar conclusions were
reached by Rao et al., who showed that amino acids 38 to 43 of
MHVR are critical for MHV binding (41). It is important to
note, however, that these amino acids of MHVR are not suf-
ficient for receptor activity. Our results show that a glycopro-
tein containing amino acids 34 to 70 of MHVR in a back-
ground of CealO does not serve as a functional receptor.
Clearly, some amino acids between 1 and 33 or 71 and 108 of
MHVR are required in conjunction with amino acids 34 to 52.
We hypothesize that these additional amino acids are neces-
sary to ensure the correct tertiary structure of the N-terminal
domain and that structural differences between the N domains
of MHVR and Ceal0 explain the necessity for these additional
MHVR residues.

Mutational analysis of the chimeric recombinant glycoproteins
confirmed the importance of amino acids 34 to 52 and showed
that amino acids 52 to 56 also are important for receptor activity.
The chimeric glycoprotein Ceal0,_,,/MHVR,, ;.5 exhibited
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no MHV-A59 receptor activity. When amino acids S;g G3o Gy,
were converted in this glycoprotein to the corresponding
MHVR amino acids (TTTI), the resulting chimeric glycoprotein
exhibited weak but detectable receptor activity, thereby con-
firming the critical importance of this region of the molecule
for MHV-AS59 receptor activity. Furthermore, alteration of the
amino acids 52, 53, 54, and 56 resulting from introduction of a
restriction enzyme site into the cDNAs of MHVR and Ceal0
also affected the receptor activities of certain chimeric glyco-
proteins. Our results show that simply converting these amino
acids in Ceal0 to the corresponding MHVR amino acid resi-
dues did not convert the N-terminal domain of Ceal0 into that
of a functional receptor. If these amino acids were changed in
a chimeric glycoprotein that contained additional MHVR N-
terminal regions, however, receptor activity was regained.

Molecular modeling studies suggest that residues Ry, and
Dy, form a salt bridge in the N-terminal domain of the Bgpl
molecule. The two residues involved in the formation of this
intramolecular salt bridge are conserved in mouse, rat, and
human biliary glycoproteins. Mutational analysis of amino acid
Rg,4 confirms the importance of the tertiary structure of this
molecule in receptor activity. An MHVR construct containing
an Rg,-to-S mutation and deletion of residues 55 to 58 and 65
to 71 showed no virus receptor activity. When Rg, was rein-
troduced into this deletion construct, weak but detectable re-
ceptor activity was restored.

Interestingly, these studies also showed that the constant
domains of MHVR influence receptor activity. MHVR[1,2],
which lacks the two C-terminal constant domains (domains 3
and 4), and N-terminal chimeras constructed with this mole-
cule did not function as effective receptors for MHV-AS59. In
light of these findings, one could argue that the additional
constant domains are required simply to project the virus-
binding, N-terminal domain away from the cell surface,
thereby permitting the virus unimpeded access to the receptor.
As shown previously (18), though, and confirmed in this report,
MHVR{[1,4] functions quite well as a receptor and presumably
extends from the cell surface a distance equivalent to
MHVR][1,2]. Alternatively, one could argue that domain 4 but
not domain 2 is necessary to ensure the correct conformation
of the receptor-binding site. Previous analyses of the N-termi-
nal domain (17, 19), however, make this scenario unlikely.
Rather, we postulate that MHVR([1,2] is deficient in some, as
yet undefined, postbinding event that is required for infection.

Two allelic variants of Bgpl, MHVR and Bgp1®, have been
isolated from MHV-susceptible BALB/c and MHV-resistant
SJL/J mice, respectively, and these isoforms differ noticeably in
their abilities to serve as functional MHV receptors (18). A
sequence comparison of the N-terminal domains of these Bgp1
allelic variants shows that the region identified as important for
receptor activity also represents a highly variable region (18).
While the amino acid sequences of the N-terminal domains of
these two glycoproteins are identical from positions 1 to 37, 15
amino acid differences exist in the 22 residues from amino acid
38 to 60. This extensive difference in the presumptive virus-
binding site provides a molecular explanation for the observed
differences in receptor activity demonstrated by these two
Bgp1 isoforms in vivo. The cellular function of these molecules
is unknown, although related glycoproteins have been shown
to function in vitro as intercellular adhesion molecules (12).
Recent evidence suggests that this adhesion function in the rat
C-CAM molecule is mediated by amino acids 63 to 67 of the
mature protein (42). It is interesting that the domain associ-
ated with this biological function differs from the putative virus
receptor site.

Our results show that binding of the antireceptor MAb CC1
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FIG. 7. Structural model of the N-terminal domain of MHVR. Structure was
determined based on sequence similarities between the N-terminal domains of
MHVR and CD4. Beta sheets are indicated by wide ribbons and labeled. Num-
bers indicate amino acid positions. The amino acid region critical for MHV-A59
receptor activity is in black. A putative salt bridge between residues Ry, and Dy,
is indicated.

to MHVR is very dependent on the tertiary structure of this
glycoprotein. In contrast to the results obtained in the receptor
activity assays, no CC1 antibody binding was detected to any of
the MHVR/Ceal0 recombinant glycoproteins in immunoblot,
immunofluorescence, or FACS analysis, and MAb CC1 was
unable to protect cells expressing MHVR/Ceal0 chimeric re-
combinant glycoproteins from MHV-AS59 infection. Analysis
of MHVR/Bgp1® chimeric glycoproteins indicates that the
MADb-CC1 binding site is within the first 70 amino acids of
MHVR. Mutational analysis of MHVR confirms this finding.
When the mutations L,;A,;L,3A5,A5, to QTRVY or D,,K,5
to HN were introduced into MHVR, antibody binding was
eliminated, indicating that these residues or changes in the
tertiary structure of the molecule resulting from changing
these residues must be critical to MAb CC1 binding. These
amino acids are in very close linear proximity to the amino acid
residues identified as most important for receptor activity, sug-
gesting that the binding sites of the virus and MAb may over-
lap. Such overlapping binding sites would explain the ability of
MADb CCI to protect cells expressing MHVR from infection.
These findings also provide a molecular explanation for the
previous observations that Bgp1® and Bgp2 can serve as func-
tional receptors for MHV-AS59 in in vitro assays but are not
recognized by MAb CCl1 (18, 38).

The murine glycoprotein Bgp1l has been identified as a mem-
ber of the Ig superfamily (7, 20, 52, 53). Several other members
of this family, including intercellular adhesion molecule 1, Pvr,
and CD4, have been identified as receptors for viruses (recep-
tors for rhinovirus, poliovirus, and human immunodeficiency
virus, respectively) (14, 24, 27, 33, 35, 36, 44, 47). Initial map-
ping studies demonstrated for each of these pathogens that the
virus recognizes the amino-terminal Ig-like domain of the re-
ceptor (17, 19, 21, 30, 34, 36, 44). For Pvr, CD4, and Bgpl, the
amino-terminal domain represents a V-like Ig domain. More
precise mapping studies of Pvr and CD4 suggest the impor-
tance of residues along the putative C'-C"-D edge of these two
molecules in receptor activity (2, 8, 13, 37). Molecular model-
ing studies predict that this region represents a rather large,
exposed face and also corresponds to the complementarity
determining region 2. This finding has lead to speculation that
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the receptor-virus interaction may mimic at least some aspects
of the antibody-antigen interaction (40). Our studies of Bgpl
show that residues in the putative C-C’ region of this glyco-
protein are critical for receptor activity (Fig. 7). In fact, we
constructed several point mutants in which single amino acids
in the C"-D region of MHVR were altered. These changes
resulted in no change in receptor activity. Based on our model
of the structure of MHVR, it is interesting to speculate that the
residues critical for receptor activity exist in a relatively shel-
tered location and that the MHV-Bgpl interaction may not
mirror the human immunodeficiency virus-CD4 or poliovirus-
Pvr interactions.

Our results have identified a small region of the MHVR
glycoprotein critical for receptor activity. A more complete
understanding of the MHV-Bgpl interaction, however, will
require an examination of the regions of the MHV spike gly-
coprotein involved in binding to the receptor. In initial exper-
iments, Suzuki and Taguchi concluded that multiple, dissoci-
ated regions of the spike are involved in binding, suggesting
that spike binding to the receptor is conformationally depen-
dent (46). A three-dimensional structure of the spike alone or
in conjunction with MHVR may provide insight into the re-
gions of contact between these two moieties. Such detailed
information could be useful in the development of antiviral
agents that specifically interfere with this binding event. Fi-
nally, such detailed molecular information may provide insight
into how slight variations in the receptor structure and viral
attachment protein affect receptor activity, thereby influencing
the pathogenesis of mammalian viruses.
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